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Abstract 
A model is presented in which ion translocation through the F 0 part of the ATP synthase drives the rotation of the ring of 
c subunits (rotor) versus the a subunit (stator). The coupling ion binding sites on the rotor are accessible from the cytoplasm 
of a bacterial cell except for the c subunit at the interface to the stator. Here, the binding site is accessible from the 
periplasm through a channel formed by subunit a. In the ATP synthesis mode, a coupling ion is anticipated to pass through 
the stator channel into the binding site of the adjacent rotor subunit, following the electrical potential. Occupation of this site 
triggers, probably by electrostatic forces, the rotation of the ring. This makes the binding site accessible to the cytoplasm, 
where the coupling ion dissociates. Simultaneously, this rotation moves again an empty rotor subunit into the contact site 
with the stator, where its binding site becomes loaded and rotation continues. © 1998 Elsevier Science B.V. 
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1. Introduction 
The ATP synthase or F1F 0 ATPase is a bipartite 
enzyme consisting of the membrane-extrinsic F 1 
portion, where the synthesis of ATP from ADP and 
phosphate is performed and the integral membrane 
moiety, F 0, that translocates the coupling ions across 
the membrane (for recent reviews see Refs. [4,5,27]). 
The two reactions are spatially separated but do not 
occur independent from one another. The F 1 part, 
whose structure has been solved to 2.8 i resolution 
[ 1 ], is a nearly spherical particle formed from three a 
and three 13 subunits in an alternating fashion and the 
central "y subunit, comprising two extended a-helical 
structures that are intertwined and bent. Additional 
proteins of F1 that have not been resolved in the 
*Corresponding author. 
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structure are the subunits B and e. If ATP is hydro- 
lyzed by an a3133" ~ subcomplex of F 1 the ~/ subunit 
performs a counterclockwise rotation if viewed from 
the membrane side [6,22,23]. In the direction of ATP 
synthesis, clockwise rotation of the -¢ subunit has to 
be assumed. This rotation is thought to induce 
binding changes in the catalytic sites of the 13 
subunits that are instrumental for ATP formation [3]. 
As the driving force for ATP synthesis is the 
electrochemical gradient of protons or sodium ions, it 
is obvious that the torque for the rotation of the -y 
subunit must be generated upon translocation of these 
ions across the F 0 part of the molecule. The ATP 
synthase is therefore a molecular machine and the F 0 
part is its motor. 
A high resolution structure of F o is not yet 
available, but the model favored by most researchers 
arranges the probably 12 c subunits into a ring that is 
flanked on one side by the a subunit and the two b 
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subunits. Images of F 0 by electron and atomic force 
microscopy support this model [2,24]. With the 
rotation of the ~/ subunit in mind, such a structure 
immediately suggests that the rotation of ~/ is con- 
nected to that of the ring of c subunits versus the a 
subunit and that this rotation is driven by the 
coupling ion movement across the membrane dow- 
nhill the electrochemical gradient. An imaginative 
model linking ion translocation to a rotation of the 
ring was proposed by Junge et al. [9] and other 
groups [6,7,26]. The model assumes two access 
channels in subunit a, each one connecting a different 
side of the membrane to the binding sites of the c 
subunits. Most of these sites were envisaged to be 
deeply embedded within the lipid core. In this 
environment, an unbalanced negative charge would 
not be tolerated and therefore, the sites would always 
be occupied with the appropriate positive coupling 
ion (H +, Na + or Li+). When facing subunit a, 
however, the environment becomes more hydrophilic 
so that the cation can dissociate, leaving a negative 
charge on subunit c. The noncolinear placement of 
the two access channels in subunit a demands a 
rotation of the c subunits to achieve ion translocation 
across the membrane. Whether this rotation occurs in 
a clockwise or counterclockwise direction is deter- 
mined by the probability to load or unload the c 
subunit binding sites through the upper or lower 
access channel of subunit a. The ring of c subunits 
carries out Brownian rotational fluctuations which 
lead to a directed movement, if one c subunit after 
the other becomes loaded and unloaded, respectively, 
through each appropriate channel, while a negatively- 
charged c subunit entering the lipid boundary is 
repelled and rotation can continue only after charge 
balancing with the proper coupling ion. 
2. The binding sites of most c subunits are 
accessible from the water phase 
Some properties of the ATPase are not congruent 
with this model: (i) ATP hydrolysis by the ATPase of 
Propionigenium odestum at pH>8.0 is Na÷-depen - 
dent, and the alkali ions activate the reaction in a 
highly cooperative manner (nn=2.6), This indicates 
that for maximal activation three c subunits must be 
occupied simultaneously with Na ÷ ions [17,18]. 
According to the proposed model, however, the c 
subunits in contact with the lipid are always occupied 
with Na + and cooperativity can therefore not be 
explained; (ii) dicyclohexylcarbodiimide (DCCD) 
reacts with the protonated carboxylates of the c 
subunit binding sites [17]. These groups titrate with a 
pK of 7.0. In the presence of Na + ions, the car- 
boxylates become partially occupied with the alkali 
ions so that protonation becomes more difficult. This 
is reflected by a decrease of the pK to 6.5 at 0.5 mM 
NaC1. Bound and free protons or Na + ions are 
therefore in equilibrium with one another according 
to the pK values and are not occluded by all c 
subunits facing the lipid, as predicted by the model. 
Definite disproof of the two-channel model was 
obtained as follows: we observed that upon idling, 
the motor of the P. modestum ATP synthase per- 
formed an exchange of Na ÷ ions between the exter- 
nal and internal compartments of reconstituted 
proteoliposomes (Kaim and Dimroth, unpublished 
results). This indicates that the rotor is not kept in a 
fixed position, but performs limited rotational move- 
ments versus the stator that are sufficient o catalyze 
ion translocation back and forth across the mem- 
brane. Partial modification of c subunit binding sites 
with DCCD did not significantly affect Nai+n/Nao~t 
exchange, but completely abolished ATP-driven Na + 
transport. Transport apparently requires the complete 
revolution of the ring and therefore stops, when a 
modified c subunit strikes against he a subunit. The 
modification does not restrict, however, the limited 
back and forth movements of the rotor that are 
sufficient for the exchange reaction. According to the 
two-channel model, an exchange would require al- 
most complete revolutions of the rotor versus the 
stator in order for a particular c subunit o contact he 
two sides of the membrane through the two half- 
channels of subunit a. These revolutions must 
inevitably be stopped if a single modified rotor 
subunit hits the stator and therefore, the two-channel 
model is not in accord with our experimental results. 
3. The coupling ion binding site in subunit c 
We therefore dwell on a different model, in which 
the coupling ion binding sites on the c subunits are 
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not occluded in the lipid phase but are freely access- 
ible from the cytoplasmic side of the membrane 
except for the c subunit at the interface to subunit a. 
We postulate that the binding site of this particular c
subunit is inaccessible from the cytoplasm, but has 
access to the periplasm through a channel within the 
a subunit [14]. An important prerequisite for such a 
mechanism is the existence of a specific coupling ion 
binding site on subunit c. The ATP synthase of P. 
modestum has an extended specificity, employing not 
only protons, as most ATP synthases, but also Na + or 
Li + as coupling ions in a competitive manner [19]. 
These properties of the P. modestum ATP synthase 
offer unique possibilities to follow the ion path across 
the membrane and to solve its catalytic mechanism. 
The genetic approach with this system became avail- 
able, when it was discovered that a functional hybrid 
ATP synthase, consisting of the F 0 subunits and the 
subunit from P. modestum and the residual F 1 
subunits from Escherichia coli, could be synthesized 
in this bacterium [10,11]. This ATP synthase had the 
same coupling ion specificity as the homogeneous P. 
modestum enzyme. E. coli strain PEF42 expresses the 
hybrid enzyme from the corresponding hybrid atp 
operon on its chromosome, conferring to this strain 
the ability of A/2Na +-  coupled ATP synthesis, as 
reflected by Na÷-dependent growth on succinate. 
Following in vitro random mutagenesis of the F 0 
genes and selection for Na÷-independent growth on 
succinate, mutants of this phenotype could be iden- 
tified and could be separated into two different 
families. The signature for the first family of mutants 
was the F84L, L87V double mutation at the C- 
terminal tall of the c subunit [12], while that for the 
second family was a triple mutation in the a subunit 
(K220R, V264E, I278N) [15]. Site specific intro- 
duction of the c subunit-double mutation proved that 
this is sufficient o create an ATP synthase, in which 
all Na+-dependent activities of the parent enzyme 
were abolished, but which synthesizes ATP via a 
A/2H +. As we had already identified with biochemi- 
cal techniques that the Na + (coupling ion) binding 
site is at the conserved cE65 residue [17], the remote 
location of the double mutation indicates disturbance 
of the Na+-binding coordination sphere by a more 
global conformational change of the c subunit mole- 
cule. Site specific mutagenesis n the area of cE65 
was subsequently performed to determine the Na +- 
coordinating amino acid residues. Candidate amino 
acids with suitable groups for metal ion liganding and 
unique to the P. modestum ATP synthase were 
mutagenized, and the phenotype of the resulting ATP 
synthase was investigated. With these studies it could 
be demonstrated that cQ32, cE65 and cS66 are 
essential for Na + binding, cE65 and cS66 accomplish 
Li + liganding and cE65 is sufficient o accommodate 
H + binding and release in a H+-coupled ATP 
synthase [13]. 
4. Structure determination of subunit c 
Further insights into the function of the F o sub- 
complex has come from structure determination of 
subunit c. Isolated subunit c from the P. modestum 
ATP synthase in dodecylsulfate micelles assumes a 
temperature-stable conformation with a high content 
of a-helical structure, as revealed by circular dich- 
roism-spectroscopy. Importantly, the detergent- 
solubilized subunit c not only retained its unique 
reactivity towards modification by DCCD but also 
showed a Na÷-specific protection from this modi- 
fication reaction, consistent with the notion that its 
native structure is at least partially retained [21 ]. The 
complete secondary structure of the P. modestum c
subunit in dodecylsulfate micelles was subsequently 
determined by NMR spectroscopic techniques (un- 
published results). The structure consists of four 
clearly defined a-helical segments that are interrupted 
in the vicinity of the binding site for the coupling 
ions and by the so-called hydrophilic loop. There is 
compelling evidence that subunit c folds like a 
hairpin, bringing the two antiparallel strands in the 
vicinity of the coupling ion binding site into close 
contact o one another [8,13]. Based on these data 
and on our secondary structure, we propose a model 
placing the N-terminal and the C-terminal a-helical 
stretches comprising 24 and 21 residues, respectively, 
into the membrane. The coupling ion binding site 
would thus be located at the border between the 
membrane and the cytoplasm (of a bacterial cell) and 
the two additional a-helices and the loop would be 
membrane-associated but not membrane-integral. 
This model is in good correlation with the notion that 
the binding site is freely accessible from the aqueous 
cytoplasmic phase and contrasts to previous models, 
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in which the binding site was placed near the center 
of the membrane [8]. A partial structure of E. coli 
subunit c determined by NMR in chloroform-metha- 
nol-water is in accord with the folding as a helical 
hairpin. The interruption of the a-helical secondary 
structure in the region of the binding site was not 
seen in this structure, however [8]. This difference 
may be due to a different folding of subunit c in 
organic solvent mixtures or in detergent micelles. 
5. Rotation of the c subunits versus the a 
subunit during ion translocation 
The other family of mutants is characterized by a 
triple mutation in the a subunit of the ATP synthase 
[15]. E. coli strains harboring this mutant enzyme 
could grow on succinate in the absence but not in the 
presence of Na + ions. These growth characteristics 
are reflected by biochemical properties of the mutant 
ATP synthase. The enzyme was unable to perform 
ATP-dependent Na + pumping into proteoliposomes 
but retained the ability of H + or Li + transport. These 
results therefore demonstrate that the coupling ion 
specificity of the ATP synthase is determined not 
only by structural elements of subunit c but also of 
subunit a. The most interesting property of the mutant 
enzyme was a specific inhibition of ATP hydrolysis 
by Na ÷ ions with a K i that was the same as the K m 
for Na + in activating ATP hydrolysis by the parent 
enzyme under otherwise identical conditions. These 
results clearly show that the Na ÷ binding sites on the 
c subunits are not affected by the a subunit triple 
mutation and immediately suggest hat ATP hydrol- 
ysis is inhibited, because the Na ÷ ions cannot be 
released from subunit c because the release channel 
in the a subunit has become Na+-impermeable by the 
mutation. This hypothesis was investigated by de- 
termining the occlusion of 22Na + by the mutant and 
the parent ATP synthase under various conditions. 
Therefore, the ATP synthase was incubated with the 
radioactive alkali ions and appropriate additions of 
ATP or ADP, and the occluded 22Na + was sub- 
sequently separated from accessible 22Na + by passing 
the enzyme over a cation-exchange column (Dowex 
50, K+). The results clearly showed that up to one 
22Na + per mutant ATP synthase became occluded in 
an ATP-dependent manner [14]. In contrast, no 
occlusion of the alkali ion was observed in the 
presence of ADP or with the parent enzyme with or 
without ATP addition. 
These results are clearly supportive of an ion 
translocation mechanism of the ATP synthase via 
rotation of the ring of c subunits versus the a subunit. 
The following scenario becomes very likely (Fig. 1): 
the binding sites on all c subunits not in contact with 
a are accessible from the cytoplasm and are in 
equilibrium with the free and the Na+-bound state. 
ATP hydrolysis moves via rotation of the ~/ and e 
subunits of the ring of c subunits versus the a subunit. 
An important requirement for this rotation is the 
occupancy with Na + of subunit c entering the 
interface to subunit a. The Na + ion now gains access 
via the a subunit channel to the periplasmic surface 
and simultaneously becomes hielded from dissocia- 
tion to the cytoplasm. ATP-driven rotation can only 
proceed after the bound Na + ion has left the c subunit 
through the a subunit channel. Accordingly, ATPase 
with a Na+-impermeable a subunit channel gets 
blocked in the Na+-occluded state, when a Na +- 
bound c subunit has entered the interface to the a 
subunit [14,15]. In the ATP synthesis mode, Na + 
ions or other coupling ions are envisaged to be driven 
by the electrical potential from the periplasm through 
the a subunit channel into a specific site, intuitively 
placed near the negatively charged surface. The a 
subunit has conserved positively and negatively 
charged amino acids (R227, D259) [15] of which at 
least the arginine is indispensable for function [25]. 
We therefore postulate that electrostatic forces are of 
the essence to drive the rotation. In Fig. 1, we placed 
the conserved charged amino acids on both sides of 
the cation binding site of subunit a. Electrostatic 
attraction of an empty, negatively charged c subunit 
by R227 induces rotation of the ring. This proceeds, 
when the negative charge is neutralized by transfer of 
Na + from subunit a and a new negatively charged c 
subunit becomes attracted by R227. For torque- 
generating unidirectional rotation, the voltage-driven 
occupation of the a subunit binding site is essential. 
This assures immediate transfer of Na + ions to 
incoming empty c subunits and as occupied c 
subunits are not allowed to move backwards uni- 
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Fig. 1. Model for the function of the motor of the ATP synthase viewed from the periplasm onto a section through the a and c subunits within the plane of 
the membrane. The model is based on the enzyme from Propionigenium odestum. The 12 c subunits are depicted as a ring (rotor) with the Na ÷ ion 
binding sites formed by Q32, E65 and $66. These sites are accessible from the cytoplasm except for the rotor subunit hat is at the interface to subunit a 
(stator). The stator is located outside of the rotor. The binding site of this rotor subunit at the stator interface has access to the periplasm through the stator 
channel. The a subunit residues D259 and R227 shown are conserved and play an essential role in the ion translocation mechanism. In the ATP synthesis 
mode, Na + ions are envisaged to be driven by the electrical potential from the periplasm through the stator channel into a specific binding site. An empty, 
negatively-charged rotor subunit is electrostatically attracted by R227. Subsequently, the negative rotor charge is balanced by boarding the Na + ion from 
the stator site. This allows further otation of the rotor through the electrostatic attraction of the next empty rotor subtmit by R227 and so forth. Following 
rotation, Na + ions on rotor subunits leaving the boundary to the stator become accessible to the cytoplasm and dissociate. 
directional rotation is guaranteed. Through the rota- 
tion, the Na ÷ ions bound to subunits c become 
accessible to the cytoplasm and dissociate. 
6. Na + translocation across F 0 of P. modestum: 
nonequivalence of A~b and ApNa + as driving 
forces 
According to Mitchell's chemiosmotic theory, 
A/2H + provides the driving force for ATP synthesis, 
where the two parameters of A/2H +, A~b and ApH 
contribute qually to this process. Mechanistically, 
however, this equivalence has always been a major 
obstacle. Experiments conducted with proteolipo- 
somes containing Fo of the P. modestum ATP synth- 
ase have clearly shown that the electrical potential 
(A~b) and the Na + concentration gradient (ApNa +) 
are kinetically unequivalent driving forces for Na + 
transport [16]. No Na + fluxes could thus be created 
with ApNa + values ranging up to -180  mV. These 
fluxes even remained insignificant at membrane 
potentials below -40  mV. However, on increasing 
the membrane potential to about - 110 mV, the initial 
rate of Na ÷ uptake increased at least 50-fold to yield 
about 13 Na+/(Fo.s). The extraordinary high con- 
ductivity of 6.105 H~/(Fo.s) reported for F 0 from 
chloroplasts [20] which is not compatible with results 
from all other systems reported thus far is probably 
an artifact. Hence, if the mechanism for the conduc- 
tion of the coupling ions through the isolated F 0 
moiety is the same as that through Fo attached to F 1, 
Ag, and ApNa + (ApH) are kinetically not equivalent 
driving forces for ATP synthesis. Rather, only the 
electrical potential (A~p) can overcome the activation 
energy for the production of ATE These considera- 
tions can be well fitted into the mechanisms for the 
motor function described above and depicted in Fig. 
1. The electrical potential enforces occupation of the 
a subunit binding site with Na + and this guarantees 
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the unidirectional rotation of the rotor against the 
stator. 
In summary, the following general rules for the 
ATP synthase seem to apply: (i) ATP hydrolysis/ 
synthesis and ion translocation are intimately coupled 
events and neither one can proceed without the other; 
(ii) the ring of c subunits and the a subunit operate 
together in ion translocation; (iii) in the ATP hy- 
drolysis mode, the ions bind from the cytoplasmic 
site to subunits c and are released to the periplasmic 
site through a channel formed by subunit a; (iv) for 
the complete passage of an ion through the mem- 
brane, rotation of the c subunits versus the a subunit 
is required; (v) the ring can only rotate if c subunits 
entering the a subunit interface are empty while those 
leaving the interface are filled. In the reverse direc- 
tion (ATP hydrolysis), the incoming c subunits must 
be filled and the outgoing c subunits must be empty. 
Electrical charges on the a and c subunits are 
probably responsible for these constraints. We further 
propose that the principal torque-generating driving 
force for rotation of the ATP synthase motor is the 
transmembrane lectrical potential. Voltage-driven ion 
translocation through the motor elicits the proper 
electrostatic interactions to drive the rotor against the 
stator. Mechanical coupling of the c subunit rotation 
with that of the ~/ subunit ultimately leads to ATP 
production within the F 1 headpiece. When the engine 
operates in reverse, ATP hydrolysis turns the motor 
into the opposite direction, concomitant with an 
active pumping of the coupling ions across the 
membrane. The same fundamental principle which 
becomes apparent from these data for the ATP 
synthase may very well be applicable to the bacterial 
flagellar motor. 
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